ABSTRACT: Superior capsular reconstruction has received increased attention as a surgical technique to address massive "irreparable" rotator cuff tears; however, the functional limitations and surgical techniques associated with this repair have yet to be sufficiently explored. The goal of this study was to utilize a multidisciplinary approach to characterize the biomechanics of this repair by: (i) identifying activities of daily living that may overburden the graft; and (ii) optimizing surgical techniques used during implantation. This experiment was completed in three phases. First, graft failure mechanics were characterized by performing an in vitro experiment. Second, in vivo shoulder kinematics associated with various activities were recorded with 3-D motion capture techniques. Finally, an in silico model was used to assess graft strains. Results show that motions involving posterior shoulder rotation, such as back washing, lead to graft strains that may cause failure. Output from the optimization suggests that orienting the humerus in approximately 25å bduction, and 20˚internal rotation during implantation will result in optimal graft performance. Clinical Significance: The novel paradigm used in this study demonstrates the utility of coupling in vitro, in vivo, and in silico modeling techniques in one cohesive experiment. This paradigm presents an additional tool, aside from clinical studies and cadaveric experimentation, to better predict and understand the strengths and limitations of superior capsular reconstruction. This approach has potential to be translated to other soft tissue repairs and may provide valuable information to clinicians and rehabilitative specialists to manage patient expectations and guide rehabilitation. ß
Rotator cuff tears are common and painful injuries that lead to shoulder dysfunction and a reduction in the quality of life if left untreated. 1 While many rotator cuff tears can be surgically repaired, massive "irreparable" rotator cuff tears present a special challenge for patients and surgeons alike. [2] [3] [4] Surgical treatment options are based largely on patient factors and functional demands. Elderly patients often undergo salvage procedures, such as a debridement and biceps tenotomy. 1, 5 These procedures may achieve a set of limited goals that include pain relief, increased range of motion, and preservation of remaining shoulder strength. 1, 6, 7 However, younger patients with better baseline health and greater functional goals may benefit from alternative treatments that restore shoulder function. Superior capsular reconstruction (SCR) may have the potential to meet these demands. 8 First introduced in 2012, SCR utilizes a dermal allograft [9] [10] [11] [12] or fascia lata autograft 8 that is anchored medially to the superior glenoid and laterally to the greater tuberosity (Fig. 1) . 9, 10, 13 Instead of attempting to repair the ruptured tendon, the graft reinforces the superior capsule of the shoulder, providing leverage and support to the proximal humerus that is normally afforded by the supraspinatus tendon and native superior capsule. 14 This technique was devised from the treatment of reparable delaminated tears, which repairs both the capsule and overlying tendon. 15 SCR has shown promising results in clinical studies, resulting in improved clinical outcome scores and muscle strength, with a low incidence of re-tears. 8 However, graft loading mechanics during activities of daily living remain poorly understood.
Clinical and biomechanical studies have sought to characterize and advance the biomechanics of SCR, which has led to improved restoration of shoulder function. An early cadaveric study found that SCR significantly reduced superior humeral translation during static muscle loading compared to traditional patch graft reconstruction. 13 When examined further, it was determined that surgical parameters including anchor location, side-to-side suturing, and the use of additional grafts have a direct influence over subacromial peak contact pressure, glenohumeral translation, and joint stability. 16 Cadaveric experiments have also shown that increased graft thickness significantly decreases subacromial peak contact pressure and superior translation. 17, 18 Currently, very little is known about the influence of initial graft positioning and tensioning with regard to implant performance and longevity. Published technique guides propose that grafts should be tensioned with the humerus placed in 20-30˚abduction and 20˚forward flexion, 9, 10 but these recommendations seem to be based on anecdotal experience, and are not supported by biomechanical data.
Computational modeling provides an attractive framework to investigate the effects of SCR implantation techniques and their effects on post-operative function. Previous computational models have been developed to elucidate a wide variety of research topics that are focused on the shoulder. For example, models have provided information relating to surgical planning for arthroplasty, [19] [20] [21] joint stability, 22, 23 physiological shoulder muscle behaviors, [24] [25] [26] and stresses and strains at bone-implant interfaces. [27] [28] [29] [30] More specific to SCR, soft tissue repairs such as tendon transfer surgeries 31, 32 and rotator cuff repair techniques 33 have also been investigated with computational models. These studies have improved the standards of care for shoulder pathologies, but no computational models have been directly applied to optimize SCR implantation.
The purpose of this study was to further characterize the biomechanics of SCR by systematically assessing the relationships between initial graft position and post-operative graft strain during activities of daily living (ADLs). To achieve this goal, in vitro, in vivo, and in silico techniques were used in succession to make accurate estimations of graft strains throughout ADLs. It is known that post-operative graft strains are directly influenced by varying proximal humerus positioning during implantation, but current clinical guidelines are based on anecdotal experience rather than biomechanics. Therefore, it was hypothesized that estimations of strain during ADLs could be utilized to optimize shoulder position during graft fixation in a computational model.
METHODS
This experiment implemented a multi-disciplinary approach that was performed in three phases (Fig. 2) . In Phase 1, an in vitro experiment was performed to determine strains that cause graft failure during a controlled and repeatable motion. In Phase 2, the dynamic motions associated with nine ADLs in healthy subjects were recorded with 3-D motion capture techniques. Finally, in Phase 3, the results of Phase 1 and 2 were used as inputs for a computational model, which approximated graft strains throughout ADLs.
Phase 1: In Vitro-Cadaveric Experiment Six cadaveric upper extremities from five donors (4M, 1F, mean age 65.6 y.o) were used and specimens were skeletonized such that all muscle, tendon, and capsule tissues surrounding the shoulder joint were removed. The distal humerus was potted in polycarbonate tubing with polymethyl methacrylate (Lang Dental, Wheeling, IL). A fellowship-trained orthopaedic surgeon performed SCR in accordance with the manufacturer's protocol (Arthrex, Naples, FL). Acellular human dermis grafts (Allopatch HD-Ultra Thick, ConMed, Utica, NY) were fixed to the glenoid and subsequently attached to the humerus (Fig. 1) , which was held in the anatomic position. An acromioplasty was performed to allow for unobstructed superior humeral displacement during failure testing. This experiment was used because "grip to grip" tests of isolated grafts in a test frame yielded nonphysiologic failure mechanisms at the grip-graft interface. Clinical failures occur near the anchor points on the glenoid (Fig. S1 ), which fail at lower loads than the grip to grip tests (Fig. S2) .
Reflective markers were attached to the scapula and humerus and specimens were 3-D scanned (Einscan, Afinia, Chanhassen, MN) to create accurate representations of surface geometry within 0.1 mm. Specimens were securely mounted to a universal test frame (TA Instruments 3550, New Castle, DE) such that the scapula was attached to the actuator and the potted humerus was securely fixed to the grounded 15 kN load cell (Fig. 3A) . Graft failure was generated by driving the humerus superiorly (relative to the scapula) at a rate of 0.5 mm/s 34 until rupture of graft fixation occurred at anchor points on the glenoid. 3-D motions of markers were tracked within a threshold of 0.2 mm accuracy with a 6-camera motion capture system (Optitrack, Natural Point Inc., Corvallis, OR). Ultimate failure load was determined by a sudden drop in force of more than 50%.
A 6˚of freedom musculoskeletal model of the shoulder girdle was created in OpenSim, an open-source musculoskeletal modeling package, 35 to approximate the strains that were experienced by the dermal skin grafts when wrapping around the humeral head (Fig. 3B ). In the in vitro experiment, the thin rectangular skin graft experienced complex strain in multiple directions, but OpenSim does not have the capacity to model such materials. To account for variations in axial strain across the width of the graft, four parallel "ligament" elements were used. These elements had the same insertion points as the cadaveric model. Elements were wrapped around a sphere fitted to the humeral head to recreate the anatomic lines of action of the SCR graft (Fig. 3C) . Captured 3-D marker trajectories were used as inputs into the OpenSim inverse kinematics algorithm in order to prescribe the relative motion between the virtual humeri and scapulae, and the average root mean square error of marker trajectories was 0.4 mm. The strains for each element were set to zero at the zero time point. At the time when ultimate failure occurred, the average strain of the four elements was calculated to represent the ultimate strain of the graft. This procedure was repeated for all six specimens and a 95% confidence interval of ultimate graft strains was created for use in Phase 3. 
Phase 2: In Vivo-Motion Analysis
Upper extremity kinematics of nine ADLs (Table 1) 36 were measured in eight subjects (4M, 4F, mean age 21.5 AE 1.4 y.o) using a 12-camera motion capture system (Raptor Series, Motion Analysis Corp, Santa Rosa, CA). Subjects provided written informed consent in this IRB approved study. Using skin-safe tape, reflective markers (9.5 mm, B&L Engineering, Santa Ana, CA) were adhered to skin covering the 7th cervical vertebra, sternum, acromion, elbow epicondyles, and ulnar and radial styloid processes. 37 While these upper extremity markers were placed bilaterally, left arm motions were not used in this study. Subjects stood upright with the arms straight and shoulders brought into 90˚abduction and external rotation. This posture was used to scale the subjectspecific musculoskeletal models.
Activities of daily living were each performed 10 times, with the exception of lifting a 1-gallon container of water, which was performed five times. Marker labeling was visually confirmed, gaps were filled using cubic-spline interpolation, and marker trajectories were filtered using a 4th order low-pass Butterworth filter with a cutoff frequency of 6 Hz. 38 Shoulder kinematics were calculated using a constrained musculoskeletal model of the upper extremity previously described in depth. 39, 40 Briefly, glenohumeral motion was described by three sequence-independent rotations: (i) scapula-humeral elevation changed the attitude of a humerus-based coordinate system; (ii) glenohumeral elevation abducted or flexed the shoulder, based on the scapula-humeral elevation angle; and (iii) glenohumeral rotation rotated the humerus about its long axis, independent of other rotations. 37 Practically speaking, scapulahumeral elevation changes the action of glenohumeral elevation from arm abduction to forward flexion as the sine of scapula-humeral elevation increases from 0 to 1. This spherical coordinate system allows for large shoulder motions without the risks of gimbal lock, a phenomena resulting from coincident coordinate rotations. 37 Phase 3: In Silico-Musculoskeletal Modeling A validated musculoskeletal model of the upper extremity, 39 which accounted for scapular rhythm, was modified to include a virtual SCR repair that was previously described in Phase 1 (Fig. 4) . This model consisted of six segments (thorax, clavicle, scapula, humerus, forearm, and hand), possessed 13˚of freedom, and was scaled to match the anthropometry of each subject. To characterize the complex motions between the humerus and scapula, the model represented the glenohumeral joint as a ball joint and prescribed thoraco-scapular kinematics as a function of humeral angle. 39 Active muscles were excluded from the model, as this study was purely a kinematic assessment of glenohumeral motions to estimate strain experienced by the SCR graft. These calculated graft strains represented point to point distance along the path of the graft element; thus, negative strains represented instances where the insertion points were closer together eliciting zero tension, or slack.
In vivo marker trajectory data collected in Phase 2 was post-processed prior to being used as input in the OpenSim inverse kinematics algorithm. Using a boot-strapping technique, 95% confidence intervals for the three glenohumeral joint angles were calculated for each motion (Fig. 5) . The strains imparted on the graft elements when operating within these bounds was explored by creating simulations that utilized every combination of the low, mean, and high thresholds of the 95% confidence intervals for the three shoulder rotation angles. Thus, 27 shoulder motions that represented possible kinematic strategies to perform these ADLs were generated and subsequently input into the inverse kinematics algorithm. Graft strains were calculated for all 27 simulations, and compared to the failure strains determined in Phase 1.
Surgical techniques associated with graft tensioning were simulated by prescribing a thoracohumeral posture and setting the strains of each element to zero at this pose. This posture was iteratively modified, ranging from 0 to 40å bduction, 0 to 40˚of forward flexion, and À20˚and 20˚of Figure 2 . A flowchart outlining the methods used to perform the study. Failure mechanisms of grafts were defined with a cadaveric study in Phase 1. Motion capture techniques were used to define shoulder ranges of motion during activities of daily living in Phase 2. A computational simulation made estimates of graft utility during prescribed motions was made in Phase 3. The simulation was used to optimize surgical techniques that are used to tension the graft during implantation. if À 5% max e jk À Á 14% :
where hum a; b; g ð Þ represents the array of humeral angular orientations that are possible with respect to abduction (a), forward flexion (b), and internal rotation (g) during graft placement; j represents each ADL of interest; and k represents the 27 unique motions used to explore kinematic variability in each ADL. The lower bound of À5% for maximum strain (e jk ). represents approximately 3.5 mm of slack, which would potentially allow for an undesirable amount of glenohumeral translation. 16 It should be noted that the term "strain" simply indicates the normalized length of the graft element, and a negative strain value represents the amount of graft elongation that is required before tension is generated. The upper bound of 14% for maximum strain was based on the floor of the 95% confidence interval for failure that was experimentally determined in Phase 1. A "graft utility ratio" of 1 would represent a scenario in which maximum strains of a graft stay within these bounds in all simulations. Graft utility ratios were calculated for each implant placement, a total of 64,000 times. Once complete, a series of heat-maps were generated to provide visual representation of the optimization results.
RESULTS

Phase 1: In Vitro-Cadaveric Experiment
The cadaveric experiments indicated that the mean ultimate force of the grafts was 278.3 AE 148.7 N with concomitant ultimate strains of 18.9 AE 4.3%. The corresponding 95% confidence interval for ultimate strain was 14.0-23.8%. The failure mechanism for each specimen consisted of tear-out near the anchor points on the glenoid. There was good agreement between the physical experiment and the computational simulation used in this portion of the study. The average root mean square error of force as a function of time was 30 N, which represents less than 10% error from the experimentally measured average ultimate force of 344 N (Fig. S3 ).
Phase 2: In Vivo-Motion Analysis
ADLs produced large shoulder motions that varied between forward and backward flexion and internal and external arm rotations (Table 1) . Forward flexion motions, such as hygiene tasks centered about the head and lifting objects to shoulder-and overheadheights had low amounts of kinematic variability. Object weight did not affect shoulder range of motion and reaching overhead-heights was achieved by a 59% increase in forward flexion. Dressing and hygiene tasks behind the back involved upwards of 80˚of internal shoulder rotation with smaller amounts of coupled abduction and backward flexion and had high amounts of kinematic variability (Fig. S4) . 
Phase 3: In Silico-Musculoskeletal Modeling
ADLs involving posterior shoulder rotation (washing middle back and tucking in shirt behind back) caused large strains on the graft, which may elicit failure (Fig. 6A) , especially if the graft is placed with the shoulder placed in high degrees of abduction and external rotation. In general, graft elements typically did not exceed their failure strains during lifting objects overhead (Fig. 6B ), lifting objects to shoulder height, hair combing, reaching behind the head, or washing the opposite shoulder. These activities largely resulted in shortening of the simulated graft fibers. Examples of strain plots for each activity can be found in Figure S5 . Graft tension during activities of daily living were sensitive to both humeral internal rotation and abduction (Fig. 7) . A graft utility ratio was determined for each simulated surgical approach, with the highest ratio considered to be the optimal solution. The maximum graft utility ratio of 0.938 was achieved in three humeral orientations (Fig. 7) . Humeral orientations of approximately 25˚abduction and 20˚internal rotation produced graft utility ratios greater than 0.90, regardless of forward flexion. Placing the humerus in extreme ranges of our test, such as 40˚of abduction, and 20˚external rotation resulted in graft utility ratios in the range of 0.5, with the low score being driven by excessive strains. Similarly, poses such as 0˚of abduction, and 20˚internal rotation resulted in low graft utility scores, caused by grafts that were consistently slack. Full results of the entire optimization space can be visualized in a movie provided in the supplementary materials.
DISCUSSION
This study successfully implemented a multidisciplinary workflow that utilized in vitro biomechanical experimentation, in vivo 3-D motion capture, and in silico musculoskeletal modeling to optimize graft tensioning by minimizing graft slack and excessive strains during ADLs. Specifically, grafts tensioned with the humerus oriented in high degrees of shoulder abduction and external rotation will be at an increased risk of tear-out after reconstruction, whereas a graft tensioned at low degrees of shoulder abduction and high amounts of internal rotation will result in an overly slack graft. Graft utility is optimized by implanting the graft with the shoulder in approximately 25˚of abduction and 20˚of internal rotation. Activities that involved large amounts of humeral internal rotation tended to excessively strain the most posterior element into ranges associated Figure 5 . Plots of the 95% confidence intervals for the three shoulder rotation angles that create a shirt tucking motion. All combinations of the upper and lower bounds (solid lines) and means (dashed lines) were tested, creating 27 unique but slightly different trajectories to accomplish the task. An isometric rendering (right) shows the 3-D volume that the humerus occupies when operating within these bounds. Figure 6 . Box and whisker plots of the maximum strain for each graft element in the model at four different humeral abduction angles during implantation (forward flexion and internal/external rotation were held constant at 0˚). (A) Posterior reaching activities, such as shirt tucking, induce a wide spectrum of strain across the length of the graft, and often lead to excessive strain or laxity. (B) Overhead activities introduce a more uniform strain across the graft with decreased variability due to changes in surgical technique.
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with graft failure (Fig. 6) ; thus, it is advised that extreme caution should be exercised when performing posterior-reaching activities.
This study represents the first biomechanical investigation of the relationships between surgically induced graft tension and simulated post-operative graft performance during ADLs. Previous recommendations, which lack biomechanical validation, suggest placing the shoulder in 20-30˚of abduction and 20˚of forward flexion. 9, 10 While the recommended abduction orientation closely matches the current results (25˚), changes in forward flexion angle during implantation minimally affects graft performance. This relatively simple model was sensitive to the effects of ADLs on graft strain (Fig. 6 ). For example, humeral forward flexion and abduction move all four graft elements in similar patterns with respect to one another. However, internal rotation of the humerus results in a gradient of graft strain, with the posterior (Fig. 4) experiencing the most strain. Finally, and perhaps most interestingly, internal/external rotation of the humerus was not included in the previous surgical guidelines. The current results suggest that 20˚of internal rotation leads to improved implant performance, and this should not be ignored as excessive strains may lead to graft failure.
Inherent tradeoffs exist between the current computational model and previous in vitro assessments of SCR biomechanics. In the present study, the scapulahumeral joint was modeled as a perfectly constrained ball joint. This commonly used approach 33, 40 leverages our understanding of shoulder biomechanics and minimizes the effects of soft tissue artifact associated with in vivo motion capture. A previous cadaveric study found a worst case scenario of 2.5 AE 0.6 mm of translation in a SCR-repaired shoulder, 17 which would represent approximately 3.5% strain in our model. This study used a large mechanical rig that does not permit simulations of complex 3-D dynamic motions, such as shirt tucking, which our data suggests may lead to strains that drive failure. The current computational model could be amended to include humeral head translations. However, this approach would necessitate the calculation of active and passive muscle forces, as well as contact modeling, which would require a wide variety of assumptions about the material properties of the various soft tissues that contribute to shoulder translation. The translations of the shoulder are relatively small, 14, 16 and accounting for it would introduce uncertainty into the model, while increasing the cost in terms of time per simulation from seconds to hours. Given that graft strains were estimated for 15,552,000 unique motions in this experiment, these additions are prohibitive.
This study was affected by several other limitations. Graft failure was experimentally determined (Phase 1) using a humeral translation model that required an acromioplasty to instigate failure. This protocol only tested one type of graft, limited the strain applied to the implant in one direction, and did not replicate side to side tensioning of the graft which may be present in vivo. The need for an intermediate computational model could have potentially been avoided with the use of photogrammetric measurements to quantify localized strains, which may lead to improvements in graft characterization and simulation fidelity. Within the intermediate model, the SCR graft was modeled as four linear-spring elements which may provide different results than a further discretized representation (i.e., more than four elements) of the graft. The approach used in this study calculated the average of the element strains during failure and assigned that value as the ultimate strain for the entire graft, which could have led to conservative estimations of failure. The results of the optimization are reliant upon the bounds that were used (between À5% and 14% strain as measured by normalized bone-graft-bone elongation) to define a preferable operating range for maximum strain. We decided to model each graft element as a simplified linear-spring and characterized those springs to mimic the isotropic behavior of the dermal allografts. It is somewhat subjective to quantify the proposed "Goldilocks" zone, as the results can be directly influenced by making changes to these bounds ( Supplementary Fig. S6 ). Our findings are limited to the early post-operative period and may have limited translation to long term outcomes due to a lack of healing and remodeling in the cadaveric model. Figure 7 . Results of the optimization presented as heat maps for graft tensioning at three different internal/external rotations. Technique guides currently suggest that the arm should be placed in 20-25˚abduction and 20˚forward flexion, but the results of the current study suggest that orienting the humerus in approximately 25˚abduction, and 20˚internal rotation during implantation will result in optimal graft performance. Forward flexion angulation does not play an important role in graft strain.
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Kinematics of ADLs were measured in healthy young adults to avoid placing SCR patients at risk of potentially damaging graft strains. Patients with compromised rotator cuff function may perform ADLs with compensatory motions that change the scapular rhythm of the shoulder, 41 but there is evidence to suggest that the SCR procedure restores joint function and glenohumeral stability in both cadaveric models and in patients. 8, 16 Thus, it is believed that the use of a normal shoulder rhythm in the model provides a reasonable approximation of post-operative kinematics and inherent graft strains. Finally, it was outside of the scope of this experiment to perform validation assays, such as bone pin tracking or dynamic 2-D to 3-D fluoroscopy to validate strain estimations made with the model.
Irreparable rotator cuff tears can have detrimental effects on patient functional mobility and quality of life, leading to pain, stiffness, and weakness. SCR is a new and promising solution to these injuries, and may serve as an alternative to reverse total shoulder arthroplasty. However, there still remains a relative dearth of knowledge about the biomechanics of this novel technique. Results from this experiment identified surgical techniques and post-surgical activity guidelines that may improve overall outcomes. It also presents an additional tool, aside from clinical studies and cadaveric experimentation, for surgeons and researchers alike to better predict and understand the strengths and limitations of the SCR procedure. The novel paradigm used in this study demonstrates the utility of coupling in vitro, in vivo, and in silico modeling techniques in one cohesive experiment. This approach has potential to provide valuable information to clinicians and rehabilitative specialists to manage patient expectations and guide rehabilitation.
AUTHORS' CONTRIBUTIONS
MWH contributed to research design, acquisition, analysis, and interpretation of data. Drafted and revised the paper. Read and approved the final submitted manuscript. ES contributed to research design, acquisition, analysis, and interpretation of data. Drafted and revised the paper. Read and approved the final submitted manuscript. JDK contributed to research design and interpretation of data. Provided revisions of the paper. Read and approved the final submitted manuscript. JRB contributed to research design, acquisition, analysis, and interpretation of data. Drafted and revised the paper. Read and approved the final submitted manuscript.
